The steady-state growth rate of a marine isolate was related to the concentrations of several carbon and energy source substrates when these substrates limited growth simultaneously in continuous culture. Glucose limitation was characterized by a threshold of 0.21 mg/liter for growth, a half-maximal growth rate at 0.48 mg/liter, U-shaped curves in extractable pool concentration-versusgrowth velocity plots, and slow maximal growth rates. Arginine addition reduced the glucose threshold to 0.008 mg/liter, more than doubled the maximal growth rate, and stabilized pool concentrations at low growth rates. Addition of a third substrate, glutamate, caused further reduction of the glucose concentration at steady state. Maximal reduction ofthe glucose concentration was effected by adding a mixture of20 amino acids. Steady-state limiting nutrient concentration was dependent on the specific identity of the auxiliary nutrients and on the concentration ratio at which they were supplied. When glucose was supplemented with an equal quantity of an amino acid mixture, the external steadystate glucose remained below 10 ug/liter. When 1 gg of glucose was added to a 2.5-mg/liter amino acid mixture, at least 70% of it was consumed at steady state in spite of the threshold observed. Lack of crossover between metabolic pathways, suggested by the absence of glucose carbon in pool glutamate of arginineglucose-grown cells, may have been partly responsible for the mixed carbon source stimulation of nutrient accumulation observed. The affinity observed is sufficient to account for normal growth at a total organic substrate concentration of only 0.11 mg/liter when supplied from a suitable mixture.
The steady-state growth rate of a marine isolate was related to the concentrations of several carbon and energy source substrates when these substrates limited growth simultaneously in continuous culture. Glucose limitation was characterized by a threshold of 0.21 mg/liter for growth, a half-maximal growth rate at 0.48 mg/liter, U-shaped curves in extractable pool concentration-versusgrowth velocity plots, and slow maximal growth rates. Arginine addition reduced the glucose threshold to 0.008 mg/liter, more than doubled the maximal growth rate, and stabilized pool concentrations at low growth rates. Addition of a third substrate, glutamate, caused further reduction of the glucose concentration at steady state. Maximal reduction ofthe glucose concentration was effected by adding a mixture of20 amino acids. Steady-state limiting nutrient concentration was dependent on the specific identity of the auxiliary nutrients and on the concentration ratio at which they were supplied. When glucose was supplemented with an equal quantity of an amino acid mixture, the external steadystate glucose remained below 10 ug/liter. When 1 gg of glucose was added to a 2.5-mg/liter amino acid mixture, at least 70% of it was consumed at steady state in spite of the threshold observed. Lack of crossover between metabolic pathways, suggested by the absence of glucose carbon in pool glutamate of arginineglucose-grown cells, may have been partly responsible for the mixed carbon source stimulation of nutrient accumulation observed. The affinity observed is sufficient to account for normal growth at a total organic substrate concentration of only 0.11 mg/liter when supplied from a suitable mixture.
One reason for interest in the kinetics relating microbial growth rate to organic carbon concentrations is that they form a basis for understanding the control of nutrient concentrations in natural water systems. These relationships can be derived from continuous culture where the growth rate is directly controlled by a limiting nutrient concentration, which can be manipulated by dilution rate adjustment. Kinetic data from such systems are sparse, however, because of operational and analytical problems. Herbert et al. (8) recognized the limitations that the sensitivity of the assay for glycerol imposed on their results. Shehata and Marr (17) attempted to avoid the problem of limiting nutrient analysis by use of a continuous-transfer procedure and observed the growth rate of Escherichia coli to depend on added glucose over a 0.02-to 1-mg/liter range. Reported growth rate-limiting organic substrate concentrations for marine isolates are in the 1-to 10-mg/liter range (18) . Limiting con- ' Present address: Universiti Pertanian Malaysia, Division of Fisheries and Marine Sciences, Serdang, Selangor, Malaysia.
centrations reported for terrestrial species (14) are similar. These concentrations depart widely from oceanic levels of individual low-molecularweight organic compounds (16) , where total dissolved organic carbon is only approximately 1 mg/liter (1) . Organisms are commonly observed to grow better in a mixture of substrates, i.e., in either a rich or a balanced medium. We therefore attempted to locate the discrepancy between oceanic levels of dissolved organic carbon and published growth kinetics by examining the effect of providing organic substrate in several forms rather than as a single compound.
MATERIALS AND METHODS
Organism. A marine bacterium was isolated from Cook Inlet, Alaska (15) . The organism is gram positive, strongly aerobic, nonsporulating, and non-acid fast, and appears as 1-by 3-,um irregular rods occurring singly or in short palisade chains. Growth-sustaining substrates included a large number of carbohydrates, each of the 20 common amino acids, various hydrocarbons, and the organic carbon content of dilute media prepared from mineral salts and distilled water.
The cultures are tolerant of a wide range of NaCl concentrations, and growth occurs in oil as well as in aqueous and gas phases. Organisms adhere in quantity to rubber surfaces and sparingly to glass. Although organisms appear to be nonmotile, they can infect the fresh medium supply of continous cultures moving upstream in the feed line. On agar plates, the cultures are diphasic, producing occasional scalloped colonies among the more frequent smooth ones. This coryneform bacterium is identified as Corynebacterium 198.
Medium. The mineral medium previously reported (3) was modified to contain 60 mg of (NH4)2SO4 and 10 g ofNaCl per liter. Contaminating organic nutrients were partially removed during a preliminary growth period. Carboys containing 20 liter of the mineral medium were inoculated with a carbon-starved culture of Corynebacterium 198 and then incubated for a week. The resulting population (about 105 organisms/ml) was filtered, using preboiled filters and gentle vacuum. Limiting substrate and vitamins (the latter only a 0.2-,ug/liter organic carbon contribution) were added to the filtered medium, which was then autoclaved and allowed to cool; the Fe(NH4)2(SO4)2-6H2O (autoclaved at pH 4) was added as a final step to avoid precipitate formation in the fresh medium. The medium (final pH 7.0) contained 8.0 mg of oxygen per liter after 15 min of vigorous shaking.
Limiting substrates. -Glucose, L-arginine, L-glutamate, and a mixture comprised of 50 ug of each of the 20 common amino acids per liter were used. Although combinations varied, the total amount of carbon added was approximately 1 mg/liter unless otherwise specified. The a and (3 anomers of 1)-glucose (Sigma Chemical Co., St. Louis, Mo.) were dissolved in media less than 10 s before use. Isotopes, all uniformly labeled, were obtained from Amersham/Searle Corp., Arlington Heights, Ill.
Continuous culture. The continuous-culture apparatus was similar to that previously described (6), modified to avoid contact of organisms with rubber surfaces and to separate fresh medium from the culture by an air phase (Fig. 1) . The whole system was maintained at 25°C. Samples were withdrawn through the rubber stopper, using a sterile syringe and needle. Culture volume (200 to 1,000 ml) was maintained during sampling by closing clamps A and B, withdrawing the sample, opening A and then B, and allowing the fresh medium to replace the culture void. Clamp C was used for initial air volume adjustment; further adjustments were not required. Population biomass was below 1 ,ug (dry weight) per ml so that the rate of substrate loss to cells in the samples (10) was slow. Samples (3 ml) were separated by filtration within 1 min, and the filtrates were collected into test tubes containing a drop of H2SO4, heated to 95°C, and frozen. A 1-to 3-day adjustment period was allowed between samples to minimize the influence of additional fresh medium on the steady state. The specific growth rate, A (= ln 2/organism doubling time), was taken as numerically equivalent to the dilution rate, r (culture feed rate/culture volume), in accord with the usual assumptions (6) ory. Most of the 58 continuous cultures from which these data are derived spanned about a month. Wall growth was insufficient to alter the radioactivity of the fresh medium at a detectable rate after this period. Usually only one substrate-concentration dilution rate combination was used after inoculation so that kinetic data reflect the analysis of 4 to 10 well-spaced samples from at least one continuous culture.
Analytical procedures. Cell mass was estimated from particulate radioactivity and substrate specific activity, and by assuming a dry-cell mass carbon content of 50% (11) . Measurements were confirmed by less precise, direct dry-weight determinations as previously described (6) . Populations during mixedsubstrate limited growth were determined from the concentrations of substrates supplied, the extracellular substrate concentrations, and cell yield data, according to the carbon balance at steady state (6) . Plate counts, although influenced by slight clumping characteristics of the culture when grown continuously, were used to confirm culture purity and to estimate low population densities when radioactive substrates were not used.
Arginine concentration was determined from a standard curve relating 14CO2 recovery to added ['4C]arginine after arginase-urease treatment; similarly, glutamate and urea assays were based on glutamic decarboxylase and urease reactions (10). The 2-standard error precisions were about 9% of reported values.
Glucose was determined by a glucose oxidasehexokinase procedure (10) . Since adenosine triphosphate consumption was found to be the same from fresh solutions of either a-or 8-glucose, anomeric specificity corrections were not used. Precision was 10 ,Ag/liter. Where microgram-per-liter quantities of [14C]glucose were supplied, steady-state levels were estimated from filtrate radioactivity and glucosederived organic product accumulation data.
Total organic products liberated were computed from the radioactivity in the acidified culture filtrate after degassing until '4CO2-free. Radioactivity was determined in a Beckman LS-100C liquid scintillation counter (Beckman Instruments Inc., Fullerton, Calif.) as described (5) Thus the capacity of Corynebacterium 198 to incorporate glucose in the presence of arginine was related to the growth rate. A similar situation was seen in Pseudomonas fluorescens (12) , where glucose remained unused at high growth rates in the presence of fructose.
The kinetic curves from a series of these dilution rate-dependent steady states where glucose, arginine, and then both glucose and arginine limited the growth rate are shown in Fig.  4 . One prominent effect of arginine on glucose limitation of the specific growth rate was to lower the glucose concentration at any given rate of growth. Glucose could also be used at slightly higher growth rates since arginine addition allows an increase (2.3-fold) in the maximal growth rate (Table 1) . Growth rates in glucose-arginine medium at intermediate glucose concentrations were approximately twice those achieved where glucose was the sole organic nutrient. This would be expected if the two transport processes were separate and remained constant in activity without interaction, the glucose metabolic pathway remained largely unsaturated, and the two substates were used as essentially equivalent nutrients.
The glucose utilization process was saturated at about the same concentration with or without arginine (Table 1) . Reducing the glucosearginine-based growth velocities by 50% to account for the contribution of substrate supplied by arginine gave equivalent Ka values that were dependent on glucose accumulation rather than on growth rate. At low growth rates, the threshold glucose concentration, A, defined as the minimum value of extracellular glucose, was disproportionately reduced (62%) (5) .
b Glucose concentration at half the glucose concentration-growth rate asymptote, from Fig. 4A and 4C.
eGlucose concentration minimum for growth, from by replacing half of the fresh medium glucose with arginine. Anomeric specificity did not seem to contribute to the glucose threshold since organisms accumulated freshly prepared a-or f3-1)-glucose at identical rates (95% of a 6-,uM solution in 90 min).
Pools. Because the growth rate must ultimately respond to internal concentrations, metabolic pools were measured at various growth rates. Both total pool organic compound concentration and glutamic acid (39 to 48% of the organic compounds in the pools) showed Ushaped kinetic curves during glucose-limited growth (Fig. 5A) . With growth on arginine alone (Fig. 5B) , concentrations stabilized (did not increase) at low velocities. When combined (Fig. 5C ), internal concentration-versusgrowth rate velocity curves were identical for arginine-limited growth and for arginine-glucose-limited growth. All of the pool glutamate from organisms that were grown in glucosearginine medium was derived from arginine, since changing from unlabeled to labeled glucose had no effect on the [ Low-velocity metabolism. Thresholds obtained for external (Fig. 4) as well as internal (Fig. 5 ) substrate concentrations departed from usual kinetic concepts, where any increase in concentration gives an increase in velocity. We therefore examined culture characteristics at the lower growth velocity limit, i.e., conditions of starvation. When growing organisms were first suspended in mineral medium, some or- ganic constituents leaked out; products accumulated in the medium, pool concentrations declined, and cell mass decreased. After this initial adjustment period, the system became stable; leakage stopped and pool levels were sustained for a week (Fig. 6) . Organic products and viability remained constant for at least 3 months in other experiments at room temperature. This evidence suggests a resting vegetative state during starvation.
Leakage is of particular interest because in addition to its relevance to kinetic considerations, it affects determinations of maintenance energy based on yield constants and is thought to be important as a medium conditioner (1). For these reasons, we measured products and cell yield during arginine limitation and during glucose limitation as a function of the growth rate (Fig. 7) . Urea is an initial product of argi- nine cleavage. Most urea was lost to the medium; however, some appeared to be incorporated at high growth rates. Organic products other than urea reached maximal concentration at intermediate growth rates. During glucose limitation, products derived from glucose were constant in amount over the restricted growth rate range possible with this nutrient. C02 production (not shown) decreased from 8.0 to 3.7 g/g of cells (dry wt) at low growth rates, causing the sharply increased yields shown at low dilution rates. Since yields increased and pools were stable at low growth rates, this organism appears to be well equipped for low-velocity metabolism. These anomalous yield and pool data were not expected. Pool content is thus a poor indicator of growth velocity. Likewise, cell yield would not directly indicate endogenous metabolism. One possibility is that both yield and pool content, like glucose utilization, are under regulation.
Three substrates limiting. Since limiting glucose concentrations were lowered by the presence of arginine (Table 1) , we wondered whether a third substrate would cause further reduction. Glutamate was a significant internal metabolite for this organism (Fig. 5) as well as for many others (2, 7). Accordingly, it appears as a common seawater constituent (16) . We therefore chose glutamate as the third limiting substrate to combine with arginine in glucose co-limitation kinetic studies. The capacity to metabolize arginine in this three-substratelimited system remained for a few days after inoculation, became transient, and then was greatly reduced (Fig. 8) (Fig. 9) . In contrast, glucose was maintained at a threshold value of 80 ug/ liter in glucose-arginine medium and 210 ,ug/ liter in glucose medium alone.
Influence of both the number and concentration of supplementary substrates on glucose at steady state is summarized in Table 2 . When additional organic nutrients were supplied in amounts such that the total nutrient carbon concentration remained constant, the extracellular glucose decreased with the number of substrates added. If the glucose in the fresh medium was decreased to 1 ,ug/liter and supplied along with a much larger amount of the amino acid mixture to the culture, 70% of the glucose was still used. Thus the steady-state concentration of an actively metabolized nutrient depended, in part, upon the concentration at which it was supplied relative to auxiliary nutrients.
In the last experiment of Table 2 , the only addition to the mineral medium was glucose at 1 ,ug/liter. The preliminary cell growth step of the medium preparation procedure was omitted so that background organic material supplied most ofthe substrate. Yet in spite ofthe 210-,ug/ liter threshold glucose observed with a 2.5-mg/ liter glucose supply, at least 30% of this glucose trace quantity was metabolized, 0.2 jug ofwhich could be recovered with the cell fraction.
Because of the reduction in threshold glucose concentration (Table 1) a Dilution rate was 0.03/h; remaining usable background organic material in the mineral medium after incubation with Corynebacterium 198 and filtration was estimated at 2 ,ug/liter from population attained during a secondary growth experiment. This carbon removal step was omitted in the final experiment.
b Based on CO2-free radioactivity derived from added glucose, corrected for organic product formation by use of Fig. 7. J. BACTERIOL. Growth data using a marine yeast (5) are generally consistent with data above in that glucose (a preferred substrate over xylose)-based maximal growth rates are stimulated by xylose (10) and a large glucose threshold (90 ,ug/ liter) occurs, yet the organism thrives in mineral salts free of added carbon source.
The findings resolve the apparent contradiction between either single-substrate "Michaelis constants for growth" (9, 14, 18) 
